The removal of lead from water by red mud using batch and fixed-bed column adsorption techniques was investigated. In a batch study, experiments indicated that the time to attain equilibrium was 2h. The experimental data fitted well to a Langmuir adsorption isotherm and the adsorption capacity was 18.87 mg/g. Fixed-bed column experiments were carried out for different influent lead concentrations, bed depths, and various flow rates. The breakthrough time and exhaustion time decreased with increasing flow rate, decreasing bed depth and increasing influent lead concentration. The bed depth service time model and the Thomas model were applied to the experimental results. Both model predictions were in good agreement with the experimental data for all the process parameters studied, indicating that the models were suitable for red mud fix-bed column design.
INTRODUCTION
Water pollution is the contamination of water bodies such as lakes, rivers, oceans, and groundwater caused by human activities, which can be harmful to organisms and plants which live in these water bodies. Water pollution by toxic heavy metals through the discharge of industrial waste is a worldwide environmental problem. The presence of heavy metals in streams, lakes, and groundwater reservoirs has been responsible for several health problems with plants, animals, and human beings [1] . Heavy metal contamination exists in aqueous waste stream from many industries such as metal plating, mining, tanneries, painting, car radiator manufacturing, as well as agricultural sources where fertilizers and fungicidal spray are intensively used [2, 3] .
Lead is one of the most ubiquitous contaminants in the soil and aqueous environments. A severe environmental Pb contamination can often be found at shooting ranges where the soil Pb concentration sometimes exceeds 10000 mg kg -1 because of spent lead bullets. In Iran, many shooting ranges are generally located in mountainous regions and suffer from the degradation of natural vegetation due to Pb toxicity, which may have the potential to augment the Pb contamination via soil erosion. Therefore, development of cost-effective technologies is necessary to reduce the mobility and bioavailability of Pb in
Canadian Chemical Transactions soil and water environments [4, 5] . Studies proved that metals such as lead, copper, zinc, nickel, chromium, and mercury which have been considered as hazardous heavy metals are very toxic elements and they are commonly found in water and wastewater. So, the removal of these metals from wastewater is necessary. In wastewater treatment technology, various methods have been used to remove heavy metals from aqueous solutions. Traditional methods for the removal and recovery of heavy metals from industrial waste streams are precipitation, ion exchange, electrolysis, adsorption on activated carbon, etc. Most of these methods are extremely expensive or inefficient, especially for a large amount of solution at relatively low concentrations [6] [7] [8] [9] . Among the various water-treatment techniques described, adsorption is generally preferred for the removal of heavy metal ions due to its high efficiency, easy handling, availability of different adsorbents and cost effectiveness. Recently, there has been an increasing emphasis on the adsorbent with low cost for the heavy metal ions removal. Most cases have also confirmed that the use of large quantities of such kind of wastes for the treatment of polluted water is an attractive and promising option with a double benefit for the environment [10] [11] [12] .
Red mud emerges as a residue during alkaline-leaching of bauxite in Bayer process. Roughly 1-2 tons of red mud residues are produced for a ton of alumina [13] . Since the plant began to process, red mud has accumulated over years and causes a serious environmental problem due to its high alkalinity and large amount. Many have studied the application of red mud in wastewater treatment and red mud has been found to remove chromium [14] , hexavalent [15] , dyes [16] , and heavy metals [17] , from aqueous solution. Due to the high percentages of calcium, aluminum and iron, red mud is a good candidate for use as an economic adsorbent for large-scale use.
The present study sought to investigate Jajarm red mud as an alternative lead adsorbent. The objectives were to: (i) perform batch studies to examine lead adsorption using red mud (effect of initial lead concentration and adsorption isotherm) and (ii) perform column studies to investigate the lead uptake characteristics of red mud under different flow rates.
EXPERIMENTAL 2.1. Preparation of adsorbent
Red mud has been obtained as bauxite waste in the manufacture of alumina and emerges as unwanted by-products during alkaline-leaching of bauxite in Bayer process. The alkaline red mud-water pump has been dumped annually into specially constructed dams around the Jajarm Aluminum Plant (Jajarm, Iran). Red mud used in this experimental study has been obtained from this plant.
The alkaline red mud was thoroughly washed with distilled water until it became neutral. The suspension was wet sieved through a 200mesh screen. A little amount of the suspension remained on the sieve and was discarded. The solid fraction was washed five times with distilled water following the sequence of mixing, settling, and decanting. The last suspension was filtered, and the residual solid was then dried at 105 º C, ground in a mortar, and sieved through a 200 mesh sieve. The product was used in the study.
The average chemical composition of red mud was listed in Table 1 . This table showed that red mud is primarily a mixture of Ca, Si, Fe and Al oxides and the CaO content is the highest. The singlepoint N 2 -BET method indicated that the specific surface area of a typical red mud sample was about 8.12m The stirring speed of the agitator was 300 rpm. The temperature of the suspension was maintained at 20 ±1 ° C. The initial pH of the solution was adjusted to the value 7.5 by adding NH 3 and HCl. Samples were taken after mixing the adsorbent and Pb 2+ ion bearing solution at pre determined time intervals (5, 10, 20, 30, 60 , and 120 min) for the measurement of residual metal ion concentration in the solution and to ensure equilibrium was reached. After specified time the sorbents were separated from the solution by centrifuge and filtration through the filter paper (Whatman grade6). The exact concentration of metal ions was determined by AAS (GBC 932 Plus atomic absorption spectrophotometer). All experiments were carried out twice. The mass balance of lead is given by: mq =V (C 0 -C) (1) Where m is the weight of red mud (g), q the amount of lead removed by unit of weight of red mud (Uptake capacity: mg Pb/g red mud), V the volume of lead solution (L), C 0 the initial lead concentration of solution (mg Pb/L) and C is the concentration of lead at the time t of adsorption (mg Pb/L). After a long time (120 min), C and q will reach equilibrium value C e and q e .
Column adsorption experiments
Continuous flow adsorption experiments were conducted in glass columns of 1.0 cm inside diameter. At the top of the column, the influent lead solution (30, 40 and 50 mg Pb/L) was pumped through the packed column (5, 7 and 10 cm), at flow rates of 3, 5 and 7 mL/min, using a peristaltic pump. Samples were collected from the exit of the column at regular time intervals and analyzed for residual lead concentration (GBC 932 Plus atomic absorption spectrophotometer).
RESULTS AND DISCUSSION

Batch adsorption experiments 3.1.1. Effect of contact time and initial Pb
2+ concentration As shown in Fig. 3 , the lead adsorption process took place in two stages. The first rapid stage in which 80-90% adsorption was achieved in 10 min, and a slower second stage, with equilibrium attained in 2 h. The first stage was due to the initial accumulation of lead at the red mud surface, as the relatively large surface area was utilized. With the increasing occupation of surface binding sites, the adsorption process slowed. The second stage was due to the penetration of lead ions to the inner active sites of the adsorbent. This concurs with the observations in similar studies [18, 19] .
The sorption of Pb 2+ cations was carried out at different initial lead concentrations ranging from 30 to 100 mg/L, at pH 7.5, at 300 rpm with 120 min of contact time using red mud. The uptake of the Pb 2+ ion is increased by increasing the initial metal concentration tending to saturation at higher metal concentrations. As shown in Fig. 4 .When the initial Pb 2+ cations concentration increased from 30 to 100 mg/L, the uptake capacity of red mud increased from 12 to 18 mg/g. A higher initial concentration provided an important driving force to overcome all mass transfer resistances of the pollutant between the aqueous and solid phases thus increased the uptake [20] .
Adsorption isotherms
Analysis of the equilibrium data is important to develop an equation which accurately represents the results and which could be used for design purposes [21] . Several isotherm equations have been used for the equilibrium modeling of adsorption systems. The sorption data have been subjected to different sorption isotherms, namely, Langmuir, and Freundlich. The equilibrium data for lead cations over the concentration range from 30 to 100 mg/L at 20C have been correlated with the Langmuir isotherm [22] : Where C e is the equilibrium concentration of lead in solution (mg/L), q e is the amount absorbed at equilibrium onto red mud (mg/g), Q 0 and K are Langmuir constants related to sorption capacity and sorption energy, respectively. Maximum sorption capacity (Q 0 ) represents monolayer coverage of sorbent with sorbate and K represents enthalpy of sorption and should vary with temperature. A linear plot is obtained when C e /q e is plotted against C e over the entire concentration range of metal ions investigated. The linearized Langmuir adsorption isotherms of Pb 2+ ions are given in Fig.5. (a) . An adsorption isotherm characterized by certain constants which values express the surface properties and affinity of the sorbent and can also be used to find the sorption capacity of sorbent. The Freundlich sorption isotherm, one of the most widely used mathematical descriptions, usually fits the experimental data over a wide range of concentrations. This isotherm gives an expression encompassing the surface heterogeneity and the exponential distribution of active sites and their energies. The Freundlich adsorption isotherms were also applied to the removal of Pb 2+ on red mud ( Fig.5. (b) ).
Where q e is the amount of metal ion sorbed at equilibrium per gram of adsorbent (mg/g), C e the equilibrium concentration of metal ion in the solution (mg/L), k f , and n the Freundlich model constants [23, 24] . Freundlich parameters, k f and n, were determined by plotting ln q e versus ln C e . The numerical value of 1/n < 1 indicates that adsorption capacity is only slightly suppressed at lower equilibrium concentrations. This isotherm does not predict any saturation of the sorbent by the sorbate; thus infinite surface coverage is predicted mathematically, indicating multilayer adsorption on the surface [25] .
The Langmuir and Freundlich adsorption constants from the isotherms and their correlation coefficients are also presented in Table. Table 3 . Although direct comparison of the red mud with other adsorbent materials is difficult, owing to the differences in experimental conditions, it was found that the maximum adsorption capacity of Jajarm red mud was 18.87 mg/g. 
Column adsorption experiments 3.2.1 Effect of flow rate
The adsorption columns were operated with different flow rates (5, 7 and 10 mL/min) until no further lead removal was observed. The breakthrough curve for a column was determined by plotting the ratio of the C e /C 0 (C e and C 0 are the lead concentrations of effluent and influent, respectively) against time, as shown in Fig. 6 . The column performed well at the lowest flow rate (5 mL/min). Earlier breakthrough and exhaustion times were achieved, when the flow rate was increased from 5 to 10 mL/min. The column breakthrough time (C e /C 0 =0.05) was reduced from 12 to 4 min, with an increase in flow rate from 5 to 10 mL/min. This was due to a decrease in the residence time, which restricted the contact of lead solution to the red mud. At higher flow rates the lead ions did not have enough time to diffuse into the pores of the red mud and they exited the column before equilibrium occurred. Similar results have been found for As (III) removal in a fixed-bed system using modified calcined bauxite and for color removal in a fixed-bed column system using surfactant-modified zeolite [29, 30] .
Effect of initial Lead concentration
The adsorption breakthrough curves obtained by changing initial lead concentration from 30 to 50 mg Pb/L at 5 mL/min flow rate and 50 mm bed depth are given in Fig. 7 . As expected, a decrease in lead concentration gave a later breakthrough curve; the treated volume was greatest at the lowest transport due to a decreased diffusion coefficient or mass transfer coefficient [31] . Breakthrough time (C e /C 0 =0.05) occurred after 16.5 min at 30 mg/L initial lead concentration while the breakthrough time was 8 min at 50 Successful design of a column lead adsorption process requires a description of the dynamic behavior of lead ion in a fixed bed. Various simple mathematical models have been developed to describe and possibly predict the dynamic behavior of the bed in column performance [32] . One model used for continuous flow conditions is the Thomas model [33] , which can be written as: (4) where, k th is the Thomas model constant (L/mg h), q 0 is the adsorption capacity (mg/g), Q is the volumetric flow rate through column (L/h),m is the mass of adsorbent in the column (g), C 0 is the initial lead concentration (mg/L) and C e is the effluent lead concentration (mg/L) at any time t (h). The Thomas model constants k th and q 0 were determined from a plot of ln [C 0 /C e −1] versus t at a given flow rate. The model parameters are given in Table 4 . The Thomas model gave a good fit of the experimental data, at all the flow rates examined, with correlation coefficients greater than 0.970, which would indicate that the external and internal diffusions were not the rate limiting step [32] . The rate constant (k th ) decreased with increasing initial Lead concentration which indicates that the mass transport resistance increases. The reason is that the driving force for adsorption is the lead concentration difference between red mud and solution [32, 34] . 
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Effect of bed height
The accumulation of lead in a fixed-bed column is dependent on the quantity of adsorbent inside the column. In order to study the effect of bed height on lead retention, red mud of three different bed heights, viz. 50, 70, and 100 mm, were used. A lead solution of fixed concentration (40 mg Pb/L) was passed through the fixed-bed column at a constant flow rate of 5 mL/min. As depicted by Fig. 8 the breakthrough time varied with bed height. Steeper breakthrough curves were achieved with a decrease in bed depth. The breakthrough time decreased with a decreasing bed depth from 100 to 50 mm, as binding sites were restricted at low bed depths. At low bed depth, the lead ions do not have enough time to diffuse into the surface of the red mud, and a reduction in breakthrough time occurs. Conversely, with an increase in bed depth, the residence time of lead solution inside the column was increased, allowing the lead ions to diffuse deeper into the red mud. The breakthrough service time (BDST) model is based on physically measuring the capacity of the bed at various percentage breakthrough values. The BDST model constants can be helpful to scale up the process for other flow rates and concentrations without further experimentation. It is used to predict the column performance for any bed length, if data for some depths are known. It states that the bed depth, Z and service time, t of a column bears a linear relationship. The rate of adsorption is controlled by the surface reaction between adsorbate and the unused capacity of the adsorbent. Table 4 . The value of Kα characterizes the rate of transfer from the fluid phase to the solid phase. If Kα is large, even a short bed will avoid breakthrough, but as Kα decreases a progressively deeper bed is required to avoid breakthrough.
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CONCLUSIONS
In this study, the lead adsorption capacity of red mud was evaluated for batch and fixed-bed column adsorption systems. Batch experiments indicated that the time to attain equilibrium was 2 h. The adsorption of lead on red mud in batch systems can be described by the Langmuir isotherm, and the adsorption capacity was 18.87 mg/g. The fixed-bed column breakthrough curves were analyzed at different flow rates, bed depth and initial lead concentration. Thomas and BDST models were successfully used for predicting breakthrough curves for lead removal by a fixed bed of red mud using different initial lead concentration and bed depths. Despite its slightly low performance, the use of red mud as an adsorbent for lead removal is potentially cost-effective and may provide an alternative method for lead removal from contaminated water.
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